All relevant data are within the paper and its Supporting Information files. Cluster dendrogram of samples according to similarity of gene expression profile is available publicly in doi: [10.6084/m9.figshare.5702137](https://doi.org/10.6084/m9.figshare.5702137).

Introduction {#sec001}
============

Cells interact with the surrounding environment through receptors and ion channels which transmit chemical, mechanical and electrical signals. In this context, electromagnetic fields (EMF) interfere with cellular pathways and tissue physiology \[[@pone.0190082.ref001]\]. Cell-EMF interaction can occur through charged molecules and proteins in the cell membrane that alters the flow of ions or rearranges the distribution of the membrane receptors, or via direct field penetration inside the cell \[[@pone.0190082.ref002]\].

There is evidence that the manipulation of the electromagnetic environment on biological systems favours wound healing process, reduction of inflammatory state, angiogenesis and extracellular matrix (ECM) synthesis \[[@pone.0190082.ref003]\]. In fact, EMF regulate a variety of cell functions including promotion and inhibition of cellular proliferation \[[@pone.0190082.ref004], [@pone.0190082.ref005]\], cellular viability \[[@pone.0190082.ref006], [@pone.0190082.ref007]\], differentiation \[[@pone.0190082.ref008]--[@pone.0190082.ref010]\], cellular migration and motility \[[@pone.0190082.ref011]--[@pone.0190082.ref013]\], inflammatory response \[[@pone.0190082.ref014], [@pone.0190082.ref015]\] and gene expression profiles \[[@pone.0190082.ref016], [@pone.0190082.ref017]\]. As a consequence, therapeutic application of EMF has undergone a raising interest in medicine. By contrast, the mechanisms of action of EMF in biological tissues are only partially known \[[@pone.0190082.ref018]\].

Quantum Molecular Resonance (QMR) stimulation is a technology already applied for surgical and medical purposes. QMR creates quanta of energy able to break the molecular bonds without increasing the kinetic energy of the hit molecules, thus without raising in the temperature and limiting the damage to the surrounding tissue. QMR technology exploits no-ionizing high-frequency waves in the range between 4 and 64 MHz at low intensity delivered through alternating electric fields. The effect of QMR stimulation relies on the induction of more frequencies at the same time, where the fundamental wave is at 4 MHz and the subsequent ones increase in harmonic content until 64 MHz with related decreasing amplitudes.

QMR finds clinical application in bipolar coagulators or electrosurgery devices \[[@pone.0190082.ref019], [@pone.0190082.ref020]\]. For this kind of applications, the molecular resonance generator works on the combination of four frequencies in the range of 4--16 MHz. The first experimental study testing QMR effects described in a rat model of thoracotomy a less severe tissue damage than standard electrocautery \[[@pone.0190082.ref021]\].

Since now, few data are available on the mechanism of interaction between QMR and cells. Dal Maschio and colleagues \[[@pone.0190082.ref022]\] provided the description of the behavior of muscle fibers exposed to QMR, where the changes of membrane potential and the variations of free calcium concentration strictly followed the time course of electrical field application and removal. Moreover, the effectiveness of molecular quantum resonance in reducing edema after total knee arthroplasty in a clinical trial has been reported \[[@pone.0190082.ref023]\].

Our work aimed at understanding how QMR acts on human bone marrow-derived mesenchymal stromal cells (MSC).

The use of MSC for tissue healing and in regenerative medicine was extended in the last decade \[[@pone.0190082.ref024]\], but current research on MSC aims not only to the development of clinical protocols of cellular therapy or regenerative medicine but also to provide experimental models that can inform about molecular mechanisms such as inflammation, angiogenesis and apoptosis \[[@pone.0190082.ref025]\].

Three main criteria were proposed by the International Society for Cellular Therapy (ISCT) for MSC definition \[[@pone.0190082.ref026]\]: adherence to plastic under standard culture conditions; expression of CD105, CD73, CD90 and lack of expression of HLA-DR, together with the lack of hematopoietic and endothelial surface markers CD14, CD45, CD34, CD11b and CD31 \[[@pone.0190082.ref027]\]; *in vitro* differentiation potential into osteocytes, chondrocytes and adipocytes under appropriate culture conditions \[[@pone.0190082.ref028]\]. Despite of attempts for establishing generally acceptable minimal criteria for defining human MSC by immunophenotyping, the functional capability to differentiate along the classical tri-lineage mesodermal pathways remains one fundamental characteristic of this cell type.

MSC represent an ideal model to study the effects of high frequency EMF and electric current. MSC exhibit remarkable plasticity given their ability to transdifferentiate or undergo rapid alteration in phenotype, thereby giving rise to cells possessing the characteristics of different lineages. Moreover, there are evidences that endogenous bone marrow-derived MSC could be recruited and mobilized to sites of injury \[[@pone.0190082.ref029]\]. As a consequence MSC can be used in various clinical conditions in which tissue repair is needed, or in which these cells are believed to act through their anti-inflammatory and immunomodulatory activities.

In the present study, we used a broad evaluation approach to study the effects of QMR on human MSC at different levels of investigation. Cell cultures were exposed to distinct QMR settings and times of treatment. We assessed the maintenance of MSC identity and then therefore performed viability and cellular proliferation assays to assess additional information about. Finally, we investigated the transcriptional profile of MSC after QMR stimulation.

Materials and methods {#sec002}
=====================

MSC isolation and *ex-vivo* expansion {#sec003}
-------------------------------------

MSC were isolated from cells obtained through the washouts of discarded bone marrow collection bags and filters of healthy donors, 2 male and 4 female (median age: 34.5 years. Range 23--47). After two washing steps with 200 ml saline solution and centrifugation at 2.000 rpm for 10 min, the collected nucleated cells were seeded in toto at the density of 1x10^5^ cells/cm^2^ in low-glucose Dulbecco's modified Eagle's medium (DMEM) with GlutaMAX^TM^ and pyruvate (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS, Qualified Australian, Gibco, Thermo Fisher Scientific) and 1% penicillin/streptomycin (P/S, Sigma-Aldrich, St Louis, MO, USA). Cultures were incubated at 37°C in a humidified atmosphere with 5% CO~2~. Non-adherent cells were removed after 72 hours and fresh medium was added, then the culture medium was changed every 3--4 days. At 80% confluence, MSC were washed with Dulbecco's phosphate-buffered saline (D-PBS, Sigma-Aldrich), harvested using 10X TrypLE Select (Gibco, Thermo Fisher Scientific) and sub-cultured at a density of 1.500 cells/cm^2^. The cultures were observed with an inverted light microscope Axiovert 40 CFL (Carl Zeiss, Oberkochen, Germany) and the images were acquired by using an AxioCam Mrm camera system (Carl Zeiss).

Cellular model and QMR stimulation protocol {#sec004}
-------------------------------------------

MSC cultures were exposed to QMR using an experimental QMR generator supplied by Telea (Telea Electronic Engineering, Sandrigo, VI, Italy). The QMR generator setup was the following: alimentation: 230 V \~ 50/60 Hz; maximum power in input: 250 VA; power in output: 45 W/400 Ω. The prototype enhanced alternating electric currents characterized by high-frequency waves and low intensity. The fundamental wave was at 4 MHz and the subsequent ones increased in harmonic content until 64 MHz with related decreasing amplitudes. The stimulations were delivered through the raise of effective powers in output (4--45 W) corresponded to increase in value to the nominal powers employed as QMR settings.

The cellular model and QMR delivery system were composed of a pair of custom made spheroidal electrodes (anodes) of 35 mm-diameter and by an electrode (cathode) constituted of a metallic plate. The electrodes were placed inside two Petri dishes and supported by a polyvinyl chloride component to allow the direct contact of the electrode with the surface of the culture medium. The cathode was positioned below the Petri dishes ([Fig 1A](#pone.0190082.g001){ref-type="fig"}).

![QMR stimulation protocol.\
A) Image of the exposure system. B) Scheme of QMR treatment. Cells were seeded on day 0, harvested and reseeded on day 7. The first cycle of treatment started after media renewal on day 3 (black arrows) and the second one on day 10 (blue arrows). Cultures were stimulated 10 minutes/day for 4 consecutive days at 40 or 80 nominal powers. Sham-exposed controls were kept in parallel.](pone.0190082.g001){#pone.0190082.g001}

The experimental setup was planned in order to reproduce in-vitro the therapeutic conditions in terms of timing and powers. Based on medical reports and on long company experience, the most effective settings with positive follow-up were selected for MSC cultures experimentation.

MSC at passages 4--6 were seeded in 35 mm-diameter Petri dishes in duplicate per condition (Greiner Bio-One, Kremsmünster, Austria) and after 72 hours from initial seeding, complete medium was changed. Cells were subjected to 10 minutes/day of QMR stimulation for 4 consecutive days with rest period of 24 hours between them. The same MSC cultures exposed to the first QMR cycle of treatment were reseeded for the second one and treated under identical conditions ([Fig 1B](#pone.0190082.g001){ref-type="fig"}). Two different QMR settings corresponding to 40 and 80 nominal powers were applied. Controls were kept in parallel as sham-exposed controls with electrodes presence in cell media and without QMR exposition.

MSC phenotype characterization {#sec005}
------------------------------

MSC phenotype was characterized by flow cytometry before and after QMR stimulation. Briefly, 1x10^5^ cells were incubated with the following monoclonal antibodies: CD90-FITC, CD105-PE, CD45-ECD, HLA-DR-APC (all purchased from Beckman Coulter, Brea, CA, USA) and CD73-PC7 (Becton Dickinson, Franklin Lakes, NJ, USA) for 15 minutes at room temperature protected from light. At least 20.000 events were acquired on a CYTOMICS FC500 flow-cytometer and data were analysed by Kaluza software (both Beckman Coulter). The expression of each marker was assessed as percentage (%) of positive cells and as relative median fluorescence intensity (rMFI), this latter defined as the ratio between the median fluorescence intensity of the marker and its specific negative control.

Multilineage differentiation {#sec006}
----------------------------

After two cycles of consecutive stimulations MSC differentiation potential was tested. Samples were harvested and reseeded in 24-well plates (Falcon, Corning Life Sciences, NY, USA) in the presence of circular 13 mm-diameter and 0.2 mm-thickness coverslips (Nunc, Thermo Fisher Scientific) at the density of 4.000 cells/cm^2^. Differentiation was induced at semi-confluence with specific differentiation media for 21 days with StemPro Adipogenesis, Osteogenesis and Chondrogenesis kit, (Gibco, Thermo Fisher Scientific). Fresh medium was added every 3 days and the respective controls were maintained in parallel with standard expansion medium.

To detect the formation of lipid droplets, cells were fixed in 10% formalin for 5 minutes and stained with Oil Red O (Diapath, Martinengo, BG, Italy) according to manufacturer's instructions.

The presence of calcium deposit as an expression of osteogenic induction was analysed with Alizarin red staining. The samples were washed with D-PBS and fixed in ice-cold 70% ethanol at 4°C for 1 hour. Then, they were incubated for 15 minutes with 0.02 g/ml of Alizarin red solution (Sigma-Aldrich) at room temperature. Finally, several washes were performed with deionized water.

To verify chondrogenic differentiation, cells were fixed in 10% formalin for 5 minutes and stained with 1 g/l in 0.1 M HCl of Alcian blue for 2 hours at room temperature. At the end of the staining specific for acidic polysaccharides, the coverslips were rinsed extensively with deionized water.

After each staining, the coverslips were mounted on microscope slides using Kaiser's glycerol gelatine pre-warmed at 37°C. The acquisition of images was obtained by AxioCam Erc 5s camera system (Carl Zeiss).

Assessment of cellular viability {#sec007}
--------------------------------

Cellular viability was determined by flow cytometry using LIVE/DEAD Fixable Far Red Dead Cell Stain kit (Invitrogen™, Thermo Fisher Scientific) according to manufacturer's instructions by samples acquisition on a CYTOMICS FC500 flow-cytometer. Data were analysed as % of dim or bright positive cells by Kaluza software (Beckman Coulter).

Quantification of cellular proliferation {#sec008}
----------------------------------------

Cellular proliferation was determined by WST-1 assay (Sigma Aldrich). At the end of two consecutive cycles of QMR treatment, cells were harvested and seeded in 96 well-plates (Falcon, Corning Life Sciences) at the density of 2.000 cells/well. After 72 hours WST-1 was added and incubated for 3 hours at 37°C. Finally, the plates were read at 450 nm with a spectrophotometer (SpectraCount, Packard Instrument Company Inc, Meriden, CT, USA). Data were expressed as percentage (%) of proliferation on the control.

cDNA microarray analysis {#sec009}
------------------------

The RNA derived from five different MSC samples exposed to one cycle of QMR stimulation and their corresponding MSC controls were extracted using RNeasy plus mini kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. The total RNA quantification was obtained with NanoDrop UV-VIS Spectrophotometer (Thermo Fisher Scientific). The quality of RNA was determined using Agilent 2100 Bioanalyzer system with Eukaryote Total RNA Nano kit (Agilent Technologies, Santa Clara, CA, USA). The samples were processed according to protocol "Agilent One-Color Microarray-based Gene Expression Analysis (Low Input Quick Amp Labeling)" with Human GE 4x44K V2 Microarray Kit (Agilent Technologies).

Microarray slides were detected with Agilent scanner through ScanControl software. Row data from microarray images were extracted by Agilent Feature Extraction software. Afterward data were subjected to a pre-processing step using open-source program Bioconductor that employs the Limma package with R language \[[@pone.0190082.ref030]\].

Quantitative real-time PCR {#sec010}
--------------------------

MSC cultures were exposed or not to QMR at 40 nominal power for one cycle and the total RNA was extracted using RNeasy Plus Mini Kit (Qiagen) following the manufacturer's instructions. Quality and quantity were determined using Nanodrop UV-VIS Spectrophotometer (Thermo Fisher Scientific). cDNA was synthesized starting from 800 ng of total RNA, using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) according to the manufacturer's instructions.

The obtained cDNA was diluted 1:10 and the quantitative real-time PCR experiments were performed using SsoFast EvaGreen Supermix with Low Rox (Bio-RAD) on ABI 7500 Real-Time PCR System (Applied Biosystem, Thermo Fisher Scientific). Primers used for the amplification were validated and purchased from Bio-RAD. The protocol consisted of 30 seconds at 95°C, 40 cycles of 5 seconds at 95°C and an elongation step of 32 seconds at 60°C, followed by a final melting step to evaluate the quality of the product. Each gene was tested in three replicates and six independent experiments were performed. Data acquisition was obtained by SDS v1.2 software (Applied Biosystem, Thermo Fisher Scientific) and the relative expression was determined using 2^-ΔΔCt^ method \[[@pone.0190082.ref031]\] with TBP and YWHAZ as reference genes.

Statistical analysis {#sec011}
--------------------

To analyse the differences between the experimental settings and the sham-exposed controls after both QMR cycles, data were analysed by one-way ANOVA followed by Dunnett\'s multiple comparison post-hoc test.

Quantitative real-time PCR data were analysed by paired t-test comparing the ΔCt values. Statistical analysis was performed using GraphPad Prism version 5.01 (GraphPad Software Inc, La Jolla, CA, USA). Differences between samples were considered statistically significant at p\<0.05.

For the cDNA microarray analysis, differentially expressed genes (DEG) between treated (40 or 80 nominal power) cells and control cells were elaborated using Limma package with Bayes' empirical method, taking into account the provenience of batches (paired test). Differences between conditions (treated cells versus control cells) were considered significant after Benjamini & Hochberg correction at p\<0.05. To analyse the best enrichment of gene lists, the ToppGene Suite and Ingenuity Pathway Analysis (IPA) computational tools were applied. It was considered a q-value\<0.01 with Benjamini & Hochberg's false discovery rate (FDR) correction for ToppGene Suite and a p-value\<0.01 with Bonferroni-Hochberg correction for IPA analysis.

Results {#sec012}
=======

Evaluation of MSC identity after QMR stimulation {#sec013}
------------------------------------------------

In order to evaluate modification in MSC identity after the first and second cycle of treatment with QMR, we analysed morphology, expression of surface markers and multi-differentiation potential. MSC morphology was observed daily before and after QMR treatments at the different settings. The cells conserved their canonical fibroblast-like spindle-shaped aspect during all the time of the experiments ([Fig 2A and 2B](#pone.0190082.g002){ref-type="fig"}). Typical phenotypic MSC expression of CD90, CD105 and CD73 was constantly \>95%, while that of CD45 and HLA-DR constantly lower than 2% ([Fig 2C](#pone.0190082.g002){ref-type="fig"}). Moreover each marker showed similar rMFI of expression without statistical significance between treated and untreated samples at the different settings ([S2 Fig](#pone.0190082.s002){ref-type="supplementary-material"}). To investigate if cell cultures lost their *in vitro* mesenchymal differentiation potential after two cycles of QMR stimulation, we induced cells to differentiate down into osteogenic, adipogenic and chondrogenic lineages by using defined media components and conditions ([Fig 3](#pone.0190082.g003){ref-type="fig"}). QMR-treated and sham-exposed MSC samples were able to multi-differentiate after 21 days of induction, being positive to Alizarin Red, Oil Red O and Alcian blue specific staining for osteogenesis ([Fig 3A and 3B](#pone.0190082.g003){ref-type="fig"}), adipogenesis ([Fig 3C and 3D](#pone.0190082.g003){ref-type="fig"}) and chondrogenesis ([Fig 3E and 3F](#pone.0190082.g003){ref-type="fig"}), respectively. No qualitative differences were observed between different QMR treatments and controls at this level. Similar results were detected between one ([Fig 3A, 3C and 3E](#pone.0190082.g003){ref-type="fig"}) and two cycles ([Fig 3B, 3D and 3F](#pone.0190082.g003){ref-type="fig"}) of stimulation.

![MSC morphology and flow cytometry analysis after QMR stimulation.\
A) The images were obtained after 10 minutes of QMR stimulation at Day 5 (first cycle of treatment) and at B) Day 12 (second cycle of treatment). Scale bar = 100 μm. Total magnification = 100X. One representative experiment was shown. C) Five colour combination of monoclonal antibodies was used to verify MSC identity according to the above listed surface markers of a representative sample. Grey line = unstained control (CTL-). Blue line = sham-exposed control (CTL). Green line = QMR setting 80. Red line = QMR setting 40.](pone.0190082.g002){#pone.0190082.g002}

![Adipogenic, osteogenic and chondrogenic differentiation after QMR cycles of stimulation.\
Panels display one representative experiment showing the final outcome in MSC multilineage differentiation after 21 days of induction. QMR-treated (at 40 and 80 nominal powers) and untreated samples (CTL+) were induced to differentiation. Osteogenic differentiation after one cycle (A) and two cycles (B) of QMR stimulation was assessed using Alizarin Red. Adipogenic (C, D) and chondrogenic (E, F) differentiation were detected using Oil Red O and Alcian Blue stainings, respectively. Scale bar = 100 μm. Total magnification = 100x.](pone.0190082.g003){#pone.0190082.g003}

MSC viability and proliferation after QMR stimulation {#sec014}
-----------------------------------------------------

Cellular viability was quantified by flow cytometry at the end of each cycle ([Fig 4A](#pone.0190082.g004){ref-type="fig"}). Viability was not affected by QMR; indeed, more than 95% of cells were alive similarly to the controls, with low variability between the different MSC batches and settings. These results confirmed the morphological observations. MSC proliferation was not affected by QMR showing no significant differences between controls and QMR-treated samples at the different settings and times ([Fig 4B](#pone.0190082.g004){ref-type="fig"}).

![Cellular viability and proliferation after QMR treatment.\
A) Histograms represent the % of cellular viability after two cycles of QMR treatment at the different settings compared to the sham-exposed controls determined by flow cytometry. Data were shown as mean ± SD of three independent experiments; B) Percentages of cellular proliferation on the controls were obtained by WST-1 assay after 72 hours. Data were represented as mean ± SD of n = 6 independent experiments. No statistical differences were found between conditions.](pone.0190082.g004){#pone.0190082.g004}

Microarray gene expression analysis after QMR treatment {#sec015}
-------------------------------------------------------

Based on previous results, we studied the effect of QMR on MSC at transcriptional level by performing cDNA microarray experiments after one cycle of treatment (Day 7). cDNA microarray data pre-processing step reduced the initial number of transcripts from 28,000 to about 12,600. After that, samples were grouped by the similarity of gene expression profiles (doi: [10.6084/m9.figshare.5702137](https://doi.org/10.6084/m9.figshare.5702137)). Not surprisingly, results of clustering showed that samples grouped mainly according to the donor's provenience and not by QMR treatments, as a result of inherent biological variability between analysed MSC batches.

DEG analysis was applied to identify the differences between QMR-treated and sham-exposed MSC samples. Three out of the 16 samples (15 samples + 1 technical replicate) did not meet quality control criteria and therefore were discarded from the subsequent analysis. More transcriptional changes were identified for 40 nominal power than 80 ones. According to a cut-off corrected p-value\<0.05, 411 up-regulated and 987 down-regulated genes were found when using 40 as nominal power ([Fig 5A](#pone.0190082.g005){ref-type="fig"}). At 80 nominal power, 163 genes were found up-regulated while 199 down-regulated ([Fig 5B](#pone.0190082.g005){ref-type="fig"}). In both cases, most of the DEGs showed a very low fold change.

![Dot plots of differentially expressed genes associated with QMR treatment at 40 and 80 nominal powers.\
Images illustrated the distribution of (A) 40 and (B) 80 up- and down-regulated genes (Benjamini & Hochberg correction at p\<0.05). The results were assessed by comparing QMR-treated MSC (after one cycle of QMR at 40 and 80 nominal powers) with untreated control cultures. The y-axis was in log10 scale.](pone.0190082.g005){#pone.0190082.g005}

To investigate the biological processes and biofunctions in response to QMR stimulation, gene enrichment analysis was performed using ToppGene Suite and IPA tools ([Fig 6](#pone.0190082.g006){ref-type="fig"}). The main biological processes up-regulated by 40 nominal power were related to cellular and tissue development, cellular differentiation and vascular system development ([Fig 6A and 6C](#pone.0190082.g006){ref-type="fig"}). Positive regulation of protein phosphorylation, vesicle mediated-transport, positive regulation of metabolic processes ([Fig 6A](#pone.0190082.g006){ref-type="fig"}), cellular morphology and cell-to-cell interaction biofunctions ([Fig 6C](#pone.0190082.g006){ref-type="fig"}) were found down-regulated by the QMR stimulation. Cellular proliferation and movement processes are equally significantly enriched in both gene dataset. The treatment with 80 nominal power showed an enrichment of up-regulated genes related to extracellular matrix organization and down-regulated genes corresponding to membrane protein intracellular domain proteolysis. The latter were identified using ToppGene Suite because IPA did not evidence relevant enrichment lists ([S1 Fig](#pone.0190082.s001){ref-type="supplementary-material"}).

![Best enrichment gene lists.\
Analysis of functional gene enrichment using ToppFun tool (application of ToppGene Suite) for A) up-regulated and B) down-regulated DEG between 40 QMR setting and control with significant enrichment (dotted line) for FDR B&H q-value \<0.01); C) Comparative analysis of up-regulated (green bar) and down-regulated (red bar) functional gene enrichments using IPA software with significant enrichment (dotted line) for -log2 (B-H p-value) \>2.](pone.0190082.g006){#pone.0190082.g006}

Assessment of gene expression after 40 QMR stimulation in quantitative real-time PCR {#sec016}
------------------------------------------------------------------------------------

To confirm the gene expression modulation revealed by cDNA microarray analysis, quantitative real-time PCR was carried out in MSC cultures treated at 40 nominal power for one QMR cycle. As shown in [Table 1](#pone.0190082.t001){ref-type="table"}, genes were involved in pathways related to cellular and tissue development, like ECM remodelling, angiogenesis, cellular migration and regulation of actin filaments. Differentially expressed genes obtained by 80 QMR treatment were not further investigated, due to the lower fold change and significance compared to 40 setting.

10.1371/journal.pone.0190082.t001

###### Selected genes for testing DNA microarray outcomes in quantitative real-time PCR.

![](pone.0190082.t001){#pone.0190082.t001g}

  Gene name      Systematic name   P-value   Fold change   Protein name                        Function
  -------------- ----------------- --------- ------------- ----------------------------------- -----------------------------------------------------
  **MMP1**       NM_002421         0,00007   1,6           Interstitial collagenase            Cleaves collagens of types I, II, and III
  **PLAT**       NM_000930         0,003     1,4           Tissue-type plasminogen activator   Role in tissue remodeling
  **SLIT2**      NM_004787         0,003     1,3           Slit homolog 2 protein              Molecular guidance in cellular migration
  **ARHGAP22**   NM_021226         0,004     1,3           Rho GTPase-activating protein 22    Regulates endothelial cell capillary tube formation
  **A2M**        NM_000014         0,00005   -2,1          Alpha-2-macroglobulin               Inhibitor of proteinases
  **CORO1B**     NM_020441         0,001     -1,4          Coronin-1B                          Regulates leading edge dynamics and cell motility
  **SHC1**       NM_183001         0,002     -1,5          SHC-transforming protein 1          Signaling adapter
  **FN1**        NM_054034         0,005     -1,4          Fibronectin                         Involved in cell adhesion and motility

The individuated genes took part to biological processes where MSC could have a role in the regenerative support after QMR stimulation.

Our results from six independent experiments, revealed significant increased expression of MMP1, PLAT and ARHGAP22, while A2M gene showed significant decreased expression compared to the controls. By contrast SLIT2, CORO1B, SHC1 and FN1 were not found modulated by QMR treatment, partially confirming cDNA microarray data ([Fig 7](#pone.0190082.g007){ref-type="fig"}).

![Relative gene expressions using quantitative real-time PCR.\
Expression of 8 genes selected by cDNA microarray was illustrated after n = 6 independent experiments using TBP as representative reference gene; mean ± SD; \* p\<0.05; \*\* p\<0.01.](pone.0190082.g007){#pone.0190082.g007}

Discussion {#sec017}
==========

We analysed the effects of QMR treatment on MSC *in vitro* at cellular and molecular level.

At the cellular level, we have observed that the treatment with QMR maintained unchanged cell morphology and viability, cell phenotype at least based on cell markers analysis and cell proliferation.

It was evidenced that EMF and electric fields had the capacity to modify cell physiology and signalling pathways altering ion channels, transport protein activation and intracellular ionic concentration \[[@pone.0190082.ref001], [@pone.0190082.ref032]\]. In particular, some authors suggested that EMF affect early stages of differentiation and reduce the time of differentiation \[[@pone.0190082.ref033], [@pone.0190082.ref034]\]. Moreover, Teven and colleagues \[[@pone.0190082.ref035]\] demonstrated that high-frequency pulsed EMF stimulation augmented osteogenic differentiation. We observed that the ability of MSC exposed to QMR to generate mesodermal tissues *in vitro* was unaltered by the treatment.

To investigate a possible effect of QMR at the transcriptional level, we performed gene expression analysis. As expected for donor-derived cells, cDNA microarray analysis revealed high variability between the different MSC batches. This observation explained the low number of highly significant DEGs between different QMR conditions and controls. DEG analysis also revealed that MSC exposed at 40 QMR setting underwent to more transcriptional changes, suggesting that the treatment at this nominal power is more effective than 80 QMR. In both cases, the relatively low amplitude of the changes confirms the phenotypic observations. The reason because in our experimental setting the 40 stimulation was more effective than 80 remain unclear. In literature there are open questions regarding the mechanism of action of EMF \[[@pone.0190082.ref036]\]. Since a possible mechanism of action could be related to structural vibrations of electrically polar molecules or larger structures, it is likely that a molecule and a biological system could be more responsive to a particular intensity of stimulation in function of its polarity but further studies are necessary to clarify the issue. The gene set enrichment analysis of DEG, performed to understand which main biological processes were involved, revealed that QMR stimulation on MSC cultures affected a lot of different biofunctions. In fact, we found transcriptionally modulated genes related to development processes, regulation of phosphorylation, regulation of cellular pathways including metabolism, kinase activity and cellular organization. The most represented enrichment lists among up-regulated genes were related to cardiovascular system development as also observed by Serena et al \[[@pone.0190082.ref008]\] with the electrical stimulation of human embryonic stem cells. Sheikh and colleagues \[[@pone.0190082.ref037]\] showed that electric fields induced the regulation of endothelial antigenic response via MAPK/ERK pathway activation. In particular, our gene by gene analysis also revealed that 40 up- and down-regulated genes were involved in cellular and tissue development processes such as ECM remodelling, angiogenesis, cellular migration and regulation of actin filaments.

The most representative genes for each category were further validated by quantitative real-time PCR on MSC exposed to 40 nominal power after a single QMR cycle. Overall, 50% of them comprising ARHGAP22, MMP1, PLAT and A2M were found significantly modulated compared to controls. ARHGAP22 is a gene expressing a RhoGAP cytoplasmic protein involved in angiogenesis and in the negative regulation of rearrangement of actin filaments through the inhibition of Rac1 \[[@pone.0190082.ref038], [@pone.0190082.ref039]\]. This datum is interesting since some frequencies produced by QMR treatment are inside the endogenous range that affects actin and microtubule filaments \[[@pone.0190082.ref040]\].

Interestingly, differentially regulated MMP1, PLAT and A2M genes are involved in the ECM remodelling through the fibrinolytic system that is also implicated in embryogenesis, wound healing and angiogenesis \[[@pone.0190082.ref041]\].

PLAT is a serine protease that converts plasminogen into plasmin where the latter activates other proteases including MMP1 \[[@pone.0190082.ref041]\]. Neuss and collaborators \[[@pone.0190082.ref042]\] demonstrated that MSC were able to secrete enzymes involved into this biological pathway and our results showed its promotion by stimulated MSC. In particular, the positive regulation of the two enzymes PLAT (upstream protein) and MMP1 (downstream protein) was in agreement with the negative regulation of the inhibitor of proteases A2M.

Proteases participate in the regulation of angiogenesis through a modulation of an extremely complex process \[[@pone.0190082.ref043]\] whereas extracellular proteolysis is a requirement for new blood vessel formation. Therefore, matrix metalloproteinases as well as plasminogen activator-plasmin systems play an important role during angiogenesis \[[@pone.0190082.ref044], [@pone.0190082.ref045]\]. Their release allows the bioavailability of factors stored in ECM reservoir \[[@pone.0190082.ref046]--[@pone.0190082.ref048]\] and PLAT is able to activate PDGF-C \[[@pone.0190082.ref049]\]. Other studies demonstrated a direct induction of angiogenic factors using electric current \[[@pone.0190082.ref050]--[@pone.0190082.ref052]\].

In conclusion, our data suggests that in our model QMR-treated MSC maintained unaltered cell phenotype, viability, proliferation and the ability of MSC to differentiate into bone, cartilage and adipose tissue. cDNA microarray analysis may suggest an involvement of some genes after treatment in angiogenesis and in tissue regeneration probably through ECM remodelling. In the present study, donor-to-donor variability may have limited the robustness of microarray data to detect subtle modulation in gene expression profile. However, real-time PCR data validated changes detected in the highly regulated genes in QMR-treated MSC, relatively to the lower setting tested.

Further studies are necessary to confirm our findings both at the protein and at functional level on different cellular models.

Supporting information {#sec018}
======================

###### Best enrichment gene lists of up- and down- regulated DEG between 80 QMR setting and control using IPA software.

Figure illustrated the comparative analysis of up-regulated (green bar) and down-regulated (red bar) functional gene enrichments using IPA software with significant enrichment (dotted line) for -log2 (B-H p-value) \>1.3.

(TIF)

###### 

Click here for additional data file.

###### Relative median fluorescence intensity of MSC markers after QMR stimulation at different settings.

A\) First cycle of treatment; B) Second cycle of treatment. Bars represented the maximum, median and minimum values of 3 independent experiments. The y-axis was in log10 scale.

(TIF)

###### 

Click here for additional data file.
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